We report new observations of the central star of the planetary nebula VV 47 carried out to verify earlier assertions that the short-period pulsation modes detected in the star are driven by the ǫ mechanism. In our data, VV 47 was not variable up to a limit of 0.52 mmag in the Fourier amplitude spectrum up to the Nyquist frequency of 21.7 mHz. Given this null result we re-analyzed the data set in which oscillations were claimed. After careful data reduction, photometry, extinction correction, and analysis with a conservative criterion of S/N ≥ 4 in the Fourier amplitude spectrum, we found that the star was not variable during the original observations. The oscillations reported earlier were due to an over-optimistic detection criterion. We conclude that VV 47 did not pulsate during any measurements at hand; the observational detection of ǫ-driven pulsations remains arduous.
INTRODUCTION
It has been almost 100 years since Sir Arthur Eddington, in his book "The Internal Constitution of the Stars" (Eddington 1926) , suggested the existence of a pulsational driving mechanism dependent on the nuclear energy generation rate, now known as the ǫ mechanism (and referred to historically as "nuclear driving"). Briefly, the ǫ-mechanism driving is caused by the strong dependence of nuclear burning rates on temperature. The layers of a star where nuclear reactions take place are compressed by the enhancement of nuclear energy release causing a gain in thermal energy, while the opposite happens when these layers expand giving back the energy (Unno et al. 1989) . The existence of such a mechanism operating in a star is somewhat obvious, although in most classes of stars it is apparently too weak to drive any pulsations at a detectable level, or at all. For a more detailed description of the ǫ mechanism we refer the reader to, e.g., the paper by Kawaler (1988) .
In the decades following Eddington's work, there was much interest in this mechanism from the community, giving as example the work by Ledoux (1941) and Schwarzschild & Härm (1959) that suggested that this mechanism may be responsible for the pulsational instability of very massive stars. In the early 1980s -early 1990s, it was suggested that the instability caused by the ǫ-mechanism might also operate in Wolf-Rayet stars, possibly driving their strong stellar winds. In the best candidate ⋆ E-mail: paula@camk.edu.pl (WR40), Blecha et al. (1992) detected a 627-s periodicity, but were unable to confidently assign it to the ǫ-mechanism. A later study by Bratschi & Blecha (1996) could not confirm this detection. Motivated by theoretical calculations suggesting that M dwarf stars can experience pulsational instability driven by nuclear burning, Baran et al. (2011) carried out a survey for variability among such stars, but failed to detect any variability consistent with this idea. Miller Bertolami et al. (2011) attributed the observed variability of the hot subdwarf B star LS IV-14 • 116 to nonradial g-mode pulsations excited by the ǫ-mechanism, operating in He-burning shells that appear before the star settles in the He-core burning phase. Randall et al. (2015) , disputed this conclusion based on their determinations of the stellar parameters being more consistent with a star on the Helium main sequence. In turn, Battich et al. (2018) argued that these parameters may be consistent with their models of pre-horizontal branch stars, and the ǫ-mechanism could still excite pulsations with periods roughly similar to those observed.
Theoretical calculations have shown that pulsations can also be driven in pre-white dwarfs via the ǫ mechanism operating in the remnants of nuclear burning in their envelopes (Kawaler et al. 1986 ). The mechanism operating in such conditions is not very effective, and could possibly only be responsible for driving the lowest order g-modes, which have not yet been seen in these stars.
One of the candidates to show such pulsations is the central star of the planetary nebula (PN) VV 47 (hereinafter referred to as VV 47). Observations by Liebert et al. (1988) in 1984, found the star to be variable across multiple nights, but with the source of the variability remaining elusive. They summarized by saying that any real periodicities range from tens of minutes to several hours, and concluded: "However, any real light variability in this object appears to be irregular in nature, and may be due to a different mechanism than the types of pulsations believed to be responsible in K 1-16, PG 1159-035, and similar stars." A few years later Ciardullo & Bond (1996) observed VV 47 on four nights between 1987 and 1990. They did not confirm the tentative variability reported by Liebert et al. (1988) , but neither could they rule out very low amplitude variations between nights.
Finally, González Pérez et al. (2006) (hereinafter GP06) concluded VV 47 to be a low-amplitude pulsator with an extremely complicated power spectrum based on multiple nights of observations using the 2.56-m Nordic Optical Telescope (NOT). In addition to some low-frequency variability, the authors explained the presence of some high-frequency peaks as possibly being driven by the ǫ mechanism, which would have been the first observational evidence for pulsational driving by this mechanism.
Following the findings of GP06, VV 47 became the subject of extensive asteroseismic modelling. Córsico et al. (2009) presented a fully non-adiabatic stability analysis based on their PG 1159 models and explored the possibility of pulsational driving by the ǫ mechanism. The authors found strong evidence for the existence of an additional instability strip originating from the short-period g modes excited by the ǫ mechanism, with VV 47 lying in the region where both κ-and ǫ-destabilized modes are predicted. They estimated the mass from the period spacing data, with the mean period spacing of about 24s, to be about 0.52−0.53 M ⊙ , in perfect agreement with the spectroscopic mass (≈ 0.525 M ⊙ ) also derived by Córsico et al. (2009) . Although the uncertainties on T eff -log g for VV 47 are so large, that the error box covers evolutionary tracks for masses between about 0.51-0.59 M ⊙ , the two independent mass estimations being in such a good agreement narrows the possible mass range down. A stability analysis of all possible oscillations listed by GP06 suggested that if all reported modes were real, the shortest periodicities would be due to the ǫ mechanism. When taking into account only the modes with the highest probability of being real according to GP06, the shortest period mode over the FAP of GP06 (∼261 s) would be too long to be explained as ǫ-driven (see Fig. 5 of Córsico et al. 2009 ). Calcaferro et al. (2016) attempted to find an asteroseismic model of the star with the main aim to derive its total mass. The authors estimated the mean period spacing based on GP06 data with three methods: the inverse variance, the Kolmogorov-Smirnov test, and the FT significance test (references in the original paper). When using the complete list of periods all of these methods were inconclusive. Instead, when rejecting one or more periods, the authors were able to find excellent agreement between the methods implying strong evidence for a constant period spacing of 24.2 s. This period spacing value together with the evolutionary models indicated a total mass of about 0.52 M ⊙ , in perfect agreement with all previous estimations. However, even when taking different sets of periods and evolutionary stages of VV 47, the authors were unable to find an unambiguous model characterizing the star.
In the present work, we return to VV 47 with new observations using the 4.2-m William Herschel Telescope (WHT) in order to re-examine the possible existence of the ǫ-driven pulsations reported by GP06.
NEW WHT OBSERVATIONS
VV 47 was observed using the WHT located at the Observatorio del Roque de los Muchachos (La Palma, Spain), equipped with ACAM, on 3 − 8 January 2017. The log of observations is presented in Table 2 . We used exposure times of about 20-s, varying it slightly from night to night to suppress aliasing at the sampling frequency. We also used windowing to reduce the readout time to about 3s. Observations were started in dark time (3 − 4 Jan) with growing influence of the Moon over the next nights, up to 84% illumination at 60 • from the target on the last night. The total on-target time was 33h 48m, comprising two complete nights, another which was frequently interrupted by passing clouds and a fourth night on which only one hour of observations could be acquired (see Fig. 2 and Table 2 ). The data were reduced using our own Python-based routines based mostly on astropy package, which consisted of standard bias subtraction, flat-fielding, and aligning the data.
Photometry
The varying conditions during our observations made optimising the photometric measurements challenging. We found that traditional aperture photometry gave the best results when the aperture size was scaled with seeing. We used a trial and error approach to find the optimal scaling factor for the aperture size for a given night's observations by minimizing the rms scatter (Table 2 ) of photometric measurements extracted using the Starlink autophotom package (Eaton et al. 2014 ). In our windowed field of view, there were three other stars bright enough to be used as possible comparison stars. We achieved the best results in terms of signal-to-noise ratio (SNR) when using an 'artificial' comparison star comprising the summed flux from all three available comparison stars. Because our target is much hotter than the comparison stars it was necessary to correct the resulting light curves for differential colour extinction, which was done using the first approximation linear fit to the ∆mag(sec z) relation. The last step consisted of rejecting outlying points with a dedicated program that runs a moving-average filter over the data and rejects the most obvious single outliers. The final light curve is shown in Fig. 2 . The time scales of the remaining, low-amplitude long-term trends are too long to be due to stellar pulsation.
Pulsations of VV 47?
We calculated the Fourier transform (FT) amplitude spectrum of all nights of VV 47 data (Fig. 2) up to the Nyquist frequency of the data set (≈ 21.7 mHz) using Period04 (Lenz & Breger 2005 Figure 2. The Fourier amplitude spectrum of all four nights of VV 47 WHT data. There are no significant peaks in the spectrum, except for a low-frequency signal close to 2 cycles per sidereal day (which is about 0.023 mHz) that we consider of instrumental origin. A zoom of the low-frequency region is presented in inset. no significant peaks up to a limit of 0.52 mmag. This detection limit was calculated following the conservative criterion that for any peak to be reliably detected it must fulfill S/N≥4 in amplitude (Breger et al. 1993) . We then calculated the amplitude FT for each night separately, again not finding any statistically significant peaks. With this null result we conclude that VV 47 did not pulsate during our observations, and hence might not be a pulsator at all -and perhaps not even a variable star.
RE-ANALYSIS OF ARCHIVAL DATA
Intrigued by the apparent absence of not only the pulsation modes detected by previous authors, but any pulsations at all, we re-examined the data set of GP06. These authors reported the results of a survey for photometric variability among 11 hot, H-deficient PN nuclei (PNNi), carried out in years 2000-2001 with the NOT. VV 47 was observed on three nights for a total of 22.2 h using the ALFOSC instrument; for details of these observations see GP06.
We retrieved the data of GP06 from the NOT archive which did not include the final light curves their analysis was based upon. Therefore we decided to reduce the origi-nal CCD frames anew. To this end, the original frames were converted to 2D images using the rtconv program (Østensen 2000) , which was adapted to run on modern computers (G. Stachowski, private communication). Bias and flat field, but no gain correction were applied. Next we performed photometry, using the same approach as described in Section 2.1. The conditions during each run varied but ultimately the best aperture scaling factor was found to be 1.3 for all runs. A differential light curve was created dividing the flux from the target by the summed flux of two comparison stars available during each run. We corrected for differential colour extinction following the methodology described in Section 2.1, with the final estimated rms scatter per data point in each run being about 4 − 6 mmag (Table 3) . Next, we calculated amplitude FTs for each run separately up to the Nyquist frequency, i.e. runs 1 -3: ≈ 720 c/d = 8333 µHz, run 4: 1080 c/d = 12500 µHz.
Before we proceed to the direct comparison of the results, we have to discuss two fundamental differences in our analyses compared to GP06. These authors decided to use a different approach to assess the significance of an individual peak -not our conservative criterion of S/N≥4 (Breger et al. 1993) , but a variant of the method described by Kepler (1993) . In brief, this method assesses the probability for a given peak in the FT of being real by using the equation
where P obs is the power that satisfies this criterion, N i -the number of independent frequencies, FALSE -a false alarm probability (FAP), and P is the average power in the region around the frequency of interest. A FAP of 1/100 means that a peak is taken as being real only if it has less than 1 in 100 possibility to be due to noise. There are however differences between the original paper by Kepler (1993) and the approach by GP06. N i is defined by Kepler (1993) as the number of independent frequencies, while in GP06 as the number of points in the light curve. This is only correct in the case of equally spaced data without gaps when the periodogram is computed from zero to the sampling frequency (=2 f Nyquist ). The first condition seems fulfilled by the authors as they do not mention an outlier removal procedure, plus the number of data points in their table corresponds to the number of frames taken. However, the second condition may not have been fulfilled -judging purely from the FTs presented in the paper -as the authors plot all FTs for VV 47 starting from 130 µHz up to about 8500 µHz except for the last run, where the curve exceeds 8500 µHz but it is unclear at which value it ends. As such, this appears to be a calculation up to the Nyquist frequency rather than to the sampling frequency (i.e. 2 f Nyquist ). Also, the mean power P would then need to be evaluated over the whole FT, which does not appear to be the case in their analysis. If this is indeed true, then the significance criterion of GP06 was incorrectly applied. Also, their choice of the FALSE value of 1/20 is a rather relaxed criterion for this kind of star, with conservative values of ∼ 1/1000 being more typical (e.g. Castanheira et al. 2013) .
GP06 justified the need of such an alteration with the statement that "periods that have been observed for PNNi have quite low amplitude (a few mmag) and show temporal variability in the amplitude on different time scales." The peaks the authors found in the FTs of their targets in that way had low amplitudes and were variable on time scales of days or hours. Low amplitudes are common for this type of star, but the only known mechanisms that would make signals vary in amplitude on such short time scales would be beating of unresolved pulsation frequencies (which should become resolved and detected when analyzing longer strings of data), interference with noise peaks, or those peaks indeed being due to noise themselves. We decided to not use GP06's approach and instead remain with the classical conservative criterion of S/N≥4 in amplitude (Breger et al. 1993) .
In their first run (15/16.01.2001) GP06 estimated the average power to be 0.15 µmp, while our estimation was 0.22 µmp. The average power estimated by GP06 appears over-optimistic (their Figs. 8 − 9) . They detected four peaks, with two of them above their FAP. We did not detect any significant peaks above our criterion (no peaks were even close to our significance curve).
For the second run (16/17.01.2001) the average power was estimated by GP06 to be 0.17 µmp, while we estimated it to be 0.23 µmp. Three peaks satisfied their criterion with two of them being strong candidates for real ones -we found no peaks satisfying our criterion.
In the third run (16/17.01.2001) GP06 estimated the average power to be 1.03 µmp, while our estimate was 1.08 µmp, close to their value. The one order of magnitude higher noise level for this run is due to its very short duration (less than 2 hours). GP06 found one peak satisfying the criterion, again we found none.
For the final run the authors estimated the average power to be 0.42 µmp, while our value was 0.17 µmp. This time the value obtained by GP06 is suspiciously high. This run was the longest and, as such, the noise level should be the lowest. They claimed two peaks above the FAP, while we did not find any. The most interesting result of GP06 was the possible detection of the highest frequency peak attributed to the ǫ mechanism in the first section of the run lasting 2.3 hr. We scrutinized this section of the run in our data and found no evidence for the claimed oscillations.
In Fig. 3 , we present our overall FT of the GP06 data. There are no significant peaks up to a 0.92 mmag level. This level is almost two times higher than that of our new observations, highlighting a significant reduction in the detection limit of the new observations. No variability found at such a low level, neither in the range where ǫ-driven oscillations, nor where κ-driven modes are expected (insets in Figs. 2 and  3 ), suggests that VV 47 is not even a variable star within the accuracy of our measurements.
SUMMARY AND CONCLUSIONS
We have presented a variability study of VV 47 based on new observations as well as a re-analysis of previously published data (GP06). Our new observations, made using the 4.2-m WHT, arrive at a significantly lower detection limit than the previously published data. Adopting the classical significance criterion of S/N≥4 in the Fourier amplitude spectrum, the detection limit was 0.52 mmag for the new data, and 0.92 mmag for the archival data. Even at such a low limit, we were unable to detect significant peaks in either data set, neither in the high-frequency domain where ǫ-driven pulsations may be present, nor at lower frequencies where possible κ-driven oscillations are expected. Instead, we attribute GP06's claims for pulsations in VV 47 to a particularly relaxed significance criterion for the detection of periodicities in their data set (especially for stars of this type). In conclusion, no pulsations or demonstrably intrinsic variability were detected during either observing campaign. Therefore VV 47 is not only a non-pulsator; it may not even be a variable star. In any case, the findings of GP06 were exciting enough that theoretical work on the star soon followed. Córsico et al. (2009) took the highest-frequency peaks as candidates for low-k-order g-modes excited by the ǫ mechanism and estimated the mass from the period spacing data. Interestingly, the noise peaks detected by GP06 spaced by about 20− 30 s, arrived at mass estimation which was in perfect agreement with the spectroscopic mass of VV 47. Given the T eff -log g uncertainties, it is not possible to find an unambiguous model without further constraints, which in this case were overinterpreted asteroseismic measurements. The true mass of VV 47 hence might be different, and what follows, the evolutionary tracks used for the model may not be appropriate since these tracks characterize e.g. the thickness of the He-rich envelope, which is crucial for the assessment of the efficiency of the ǫ mechanism linked to the active He-burning shell. With the evolutionary sequence of M * = 0.530 M ⊙ and all periods reported by GP06 the authors could attribute most of the longest period modes to the κ mechanism and the shortest ones to the ǫ mechanism. However, when taking into account only the modes described by GP06 as having the best chances of being real, the shortestperiod mode would not be explicable as destabilized by the ǫ mechanism. This can be taken as an argument that the physically sound models of Córsico et al. (2009) were not in agreement with the periodicities reported by GP06.
Interestingly, the spurious periodicities of GP06 led Calcaferro et al. (2016) into finding a period spacing value for VV 47 in excellent agreement within three used methods, with a mass estimation based on this spacing agreeing with all previous determinations. Even though the estimated parameters looked correct, Calcaferro et al. (2016) were not able to find an unambiguous model for VV 47.
The example of VV 47 shows that it is possible to derive credible model fits even if based on inadequate data, in addition even being in agreement with values determined using other methods. Careful analysis and interpretation of observational data should therefore prevail over the temptation to claim potentially exciting results on a poor base.
